Morphology and development of experimental bronchiolar lung tumors were studied in Syrian hamsters, using light and electron microscopic techniques. At the age of 9 weeks, 46 hamsters were each given one weekly gavage of 6.8 mg N-nitrosomethyl-n-heptylamine for 35 weeks, and hamsters were examined at intervals from 2 to 46 weeks. The present report describes the progression of adenocarcinomas of bronchiolar cell origin to adenosquamous and squamous cell carcinomas. Squamous metaplasia was commonly noted at the tumor periphery, i.e., zone of growth. In 20 hamsters, 22 adenosquamous and two squamous cell carcinomas (one a large cell carcinoma) were diagnosed by light microscopy. Overt keratinization was infrequent. Squamous cell metaplasia was not a feature of papillary neoplasms but was seen mainly with acinar structures. Ultrastructurally, squamous differentiation (metaplasia) appeared to develop along two different pathways. First, secretory cells were observed with large numbers of intermediate filaments and tonofilaments, with concurrent loss of organelles such as secretory granules and microvilli. Second, squamous metaplasia also appeared to develop from a progeny of tumor cells that failed to mature into secretory cells. Such cells were often present within the basal layer of secretory acini and resembled basal cells of the tracheobronchial tree. These observations were supported by increased expression of cytokeratins, as revealed by immunohistochemical procedures. Immunoelectron microscopic examination localized hamster Clara cell antigen in secretory granules of neoplastic Clara cells, in the cytoplasm between granules, and at the microvillous border. With the onset of squamous differentiation, Clara cell antigen was progressively lost from secretory cells and was only rarely seen in cells with tonofilaments. No labeling was present in squamous cells arising at the base of tumor acini. These results suggest that pulmonary squamous cell carcinomas may develop by direct squamous differentiation of secretory cells or may proceed from undifferentiated tumor cells.
In the mouse and Syrian hamster, the formation and progression of induced lung tumors that originate from bronchiolar secretory (Clara) cells has been documented using immunohistochemical and electron microscopic techniques. 18, 20, 3941 Initially, the normal layer of cells lining airways shows increasing atypia and after months becomes hyperplastic. Cellular proliferations may occur into the lumenal space, but more often cells migrate from bronchioles into the adjacent alveolar parenchyma along basement membranes, trapping normal alveolar type I1 cells. This process is comparable to the regenerative response to noxious agents of bronchiolar cells extending into the alveolar parenchyma, which has also been referred to as alveolar bronchi~lization.~ Proceeding from dysplastic bronchiolar cells in the parenchyma, different types of neoplasms may develop, such as lepidic bronchioloalveolar carcinomas and acinar adenocarcinomas, both of which may show squamous cell metaplasia or the progression to squamous cell carcinoma.
In humans, hamsters, and mice, the localization of specific cellular markers for bronchiolar and alveolar cells has greatly facilitated the study of tumor histogenesis.7~22~38~39~41~48-50~53 However, these techniques have not yet been applied in the study of squamous metaplasia. Squamous cell carcinoma, as defined by the World Health Organization classification represents the most common single neoplastic entity among the different types of human lung cancers,24 but adenosquamous carcinomas are considered rare les i o n~.~~ However, a histogenetic analysis of human lung tumors indicated that 2 1 Yo were squamous cell carcinomas and 46% were combined epidermoid and adenocarcinomas with mucus secretion.26 The authors found that squamous cell differentiation may frequently develop directly from mucous cells by the formation of tonofilaments and the acquisition of other squamous cell Squamous cell metaplasia was also found to arise from basal cells. These findings were very similar to those of a comparative study on benzo[a]pyreneand N-methyl-N-nitrosourea-induced tracheobronchi-a1 carcinomas of Syrian hamsters.24 Squamous differentiation of intrapulmonary hamster tumors induced by nitrosamines has previously been suggested to develop from a stem cell or from bronchiolar epithelial cells. 35 In the present work, pathways of squamous cell differentiation of N-nitrosomethyl-n -heptylamine (NMHA)-induced bronchiolar cell tumors were explored, using light microscopic and ultrastructural techniques for localizing a specific hamster Clara cell
Materials and Methods
Male Syrian hamsters (Cr : RGH) were received from the Animal Production Area-Frederick Cancer Research Development Center (Frederick, MD) and housed individually in polycarbonate cages within a barrier-type facility at a temperature of 20-22 C, a relative humidity of 50% f lo%, and a 12-hour light/dark cycle. The animals were given Purina autoclavable laboratory chow in pellets and HC1-acidified tap water (pH 2.5) ad libitum. Animal care was provided in accordance with NIH procedure^.^^ At 9 weeks of age, the hamsters were started on a treatment regimen of 6.8 mg NMHA/animal in 0.2 ml ethyl acetatelcorn oil (1 : 2) by gavage once a week for 35 weeks.*' Control hamsters were treated with vehicle only. Necropsies were performed on control and carcinogen-treated hamsters euthanatized at various intervals during experimental weeks 2-46 and on those found morbid or dead. 40 The present study is based mainly on 36 NMHA-treated and 10 control hamsters. Lung tumors from an additional group of 10 hamsters exposed to 4-ipomeanol up to 30 hours before euthanasia were also included in the studies because no toxic effect was associated with squamous metapla~ia.~' When possible, animals were perfused through the heart with saline, and the lungs were removed and inflated with different fixatives. Tumors of sufficient size (5-10 mm) were stored and processed individually to enable tracing of specific lesions at the ultrastructural level after light microscopic examination.
As described previously in detail,40 light microscopic studies were carried out on paraffin-embedded sections subjected to various stains including hematoxylin and eosin (HE), oil red 0 (from fixed frozen 10-pm-thick sections), and alcian blue-periodic acid-Schiff s reaction (AB-PAS) with prior diastase digestion to demonstrate mucopolysacchandes. Immunohistochemical procedures included use of the avidinbiotin peroxidase complex (ABC) method with the Vectastain Elite ABC kit (Vector Laboratories, Burlingame, CA). For identification of alveolar type I1 cells, rabbit anti-rat surfactant apoprotein A*' was used at a dilution of 1 : 5,000. To detect hamster Clara cell antigen (CCA), rabbit anti-ham-ster CCA49.53 antiserum was used at a dilution of 1 : 7,000, and for the detection of keratins, rabbit anti-human keratin antiserum (56 kd and 64 k d DAKO Corp., Santa Barbara, CA) was used at a dilution of 1 : 1,200. For detection of keratins, both formalin-and Bouin's-fixed tissues required prior trypsinization, whereas trypsinization was necessary only on formalin-fixed material to detect CCA ( 3 0 4 0 minutes at 37 C of 0.02% type I1 crude trypsin from porcine pancreas; Sigma Chemical Co., St. Louis, MO). Alternatively, Bouin's-fixed lungs were exposed to microwaves for 10 minutes and digested with protease (IP Enzyme Kit, Biotek Solutions, Santa Barbara, CA) for 10 minutes at room temperature. Rabbit anti-bovine SP-1 chromogranin (Incstar Co., Stillwater, MN), immunoreactive with neuroendocrine cells, was used at a dilution of 1 : 50 on Bouin's-fixed tissue. All primary antibodies were incubated for 30 minutes.
Samples from tumors with different morphologic features and/or those immunoreactive for CCA were selected for immunoelectron microscopy. The present investigation included several samples from one adenosquamous carcinoma and two bronchioloalveolar carcinomas with squamous metaplasia. The latter two neoplasms were diagnosed as such from the HE-stained section based on their lepidic bronchioloalveolar growth pattern, as described in the WHO classification of human lung tumors.58 In the samples collected from these tumors for electron microscopy, areas of squamous metaplasia were detected. The tumors were fixed in 4% paraformaldehyde-0.1 O/o glutaraldehyde, dehydrated, and embedded in LR White Resin (Polysciences, Warrington, PA). Semithin sections were stained with toluidine blue, and thin sections were mounted on nickel grids and exposed to an immunolabeling procedure40 using rabbit anti-hamster CCA antiserum at dilutions of 1 : 200 to 1 : 300 as primary antibody followed by colloidal gold-labeled secondary antibody (goat anti-rabbit IgG[H+L]; AuroProbeO EM GAR G10 RPN 42 1, Jansen Biotech N.V., Olen, Belgium) diluted 1 : 75. Control grids were run by omitting the primary antibody. Grids were then exposed to osmium tetroxide and stained briefly with uranyl acetate and lead citrate.
Parallel tumor pieces were postfixed in 2.5% glutaraldehyde and 1% osmium tetroxide for 1 hour for regular transmission electron microscopy. Samples were then stained with 0.5% uranyl acetate and embedded in epoxy resin. Semithin sections were stained with toluidine blue, and thin sections were stained with uranyl acetate and lead citrate.
Results
Twenty-two adenosquamous carcinomas and two squamous cell carcinomas were diagnosed in 20 NMHA-treated hamsters at experimental weeks 35-46 by light microscopy. Squamous metaplasia of an adenocarcinoma was frequently but not always observed at the tumor periphery ( Fig. 1 ) and was usually associated with tumors growing in an acinadglandular or lepidic bronchioloalveolar pattern rather than with tumors forming papillary structures. Squamous cells could be recognized by light microscopy because they were often larger than other epithelial cells, had eosin- ophilic cytoplasm, showed distinct intercellular bridges, and grew in clusters filling alveolar spaces and tumor acini, thereby obliterating the lepidic or acinar growth pattern of the adenocarcinoma (Figs. 2, 3) .
Cells immunoreactive for CCA were often observed scattered throughout squamous areas (Fig. 3) , and an intense reactivity for keratins was seen in squamous cells (Figs. 4, 5) that was not seen to such an extent in normal lung cells or nonsquamous neoplastic cells. Two distinct patterns of keratinization were noticeable: one involving the formation of large peripheral cells ( Fig.   4 ) and one showing small basally oriented cells of tumor acini (Fig. 5 ).
By light microscopy, squamous metaplasia of airways and keratinization were rarely seen, and only two neoplasms were diagnosed as squamous cell carcinomas, almost completely lacking a glandular component. One of these neoplasms was a typical squamous cell carcinoma with mild keratinization, and the other was composed of sheets of atypical, very large cells (Figs. 6, 7). The squamous cell nature of this tumor was recognized focally by the presence of prominent intercellular bridges ( Fig. 7) .
Squamous metaplasia is recognized at the ultrastructural level by the formation of tonofilaments, wide intercellular spaces with prominent desmo~omes.*~~0 Comparable to the pattern of keratin expression, elec- Vet Pathol 315, 1994 tron microscopic examination revealed two different pathways of squamous differentiation in the lung tumors of NMHA-treated hamsters. In one pathway, cells with adenodifferentiation simultaneously developed epidermoid features. Secretory cells exhibited increasing numbers of intermediate filaments and ribosomes compromising or displacing other organelles. Tonofilaments and desmosomes, including intracel-Mar ones, were prominent. Secretory granules were increasingly reduced in size, and the secretory product was lost. Sometimes this loss was partial and the granules assumed the appearance of dense core neuroendocrine granules (Fig. 8 ); if the loss was complete, empty vesicles remained. Occasionally, secretions were also trapped in the smooth endoplasmic reticulum or Golgi system, appearing as elongated structures or, on cross sections, as granules ( Fig. 9 ). Acini lined by a microvillous border were frequently present, indicating the original adenodifferentiation ( Fig. 10 ). Lipid droplets seen in some squamous cells ( Fig. 10 ) stained red with oil red 0 in the corresponding frozen section.
In the second pathway of squamous differentiation, it appeared that features of adenodifferentiation were first lost followed by the replacement with cells expressing features of squamous cells. Among acinar cells with secretory granules were smaller cells with no or rare specific cytoplasmic secretory features but with a microvillous border as indicator of adenodifferentiation. Intercellular spaces were widened. In some acini, cells were observed adjacent to the basement membrane, which consisted of small poorly differentiated cells with scant cytoplasm, few tonofilaments, wide cellular interdigitations, and prominent desmosomes (Figs. 11, 12 ). These cells may represent early stages of squamous differentiation without developing secretory features. At a later stage ( Fig. 13 ), large fully developed squamous cells, bordered by a basement membrane, formed clusters. These cells had many tonofilaments that occasionally inserted into prominent desmosomes.
By immunoelectron microscopy, CCA of neoplastic Clara cells was localized in granules, at the microvillous border, in the cytoplasm, and in secretions that had collected in intracytoplasmic lumina (Figs. 14, 15 ). Adjacent squamous cells in these figures did not reveal immunogold labeling for CCA. Figures 14 and 15 are the immunoelectron microscopic equivalents to the acinus shown in Fig. 1 1. Immunogold labeling of epidermoid cells with adenodifferentiation for CCA could be observed occasionally (Fig. 16 ). CCA labeling was present over microvilli and apical granules in a pattern similar to that seen in neoplastic Clara cells, but labeling was also seen in small clusters throughout the cytoplasm.
Alveolar type I1 cells, identified ultrastructurally or by light microscopy, were present as single cells or as small groups trapped within adenosquamous tumors. Alveolar cells were more numerous at the tumor periphery than in the center. The tumors fixed in paraformaldehyde for ultrastructural purposes were unsuitable for immunohistochemical detection of chromogranin. However, Bouin's-fixed specimens demonstrated immunoreactive cells only in hyperplastic neuroepithelial bodies but not in dysplastic or neoplastic lesions.
Discussion
The classification system of the World Health Organization for human lung tumors5* defines the category of adenosquamous narrowly as those tumors exhibiting the light microscopic combination of glandular (acinar) and squamous components. These neoplasms appear to be rare in h u m a n~. '~,~~ However, if glandular differentiation in a broader sense is applied, including the presence of mucus and ultrastructural features of secretory cells, 46% of human lung tumors studied can be classified as combined epidermoid and adenocarcinomas.26 Frequent adenodifferentiation at the ultrastructural level was observed in 40 lung tumors diagnosed as squamous cell carcinomas by light microscopy.* Hamsters have been widely studied as models for lung c a n~e r .~.~~~-l 1, 20, 23, 35, 36, 42, 44 ,5 I Irrespective of the agent or method used to induce tracheobronchial or pulmonary tumors, the most commonly observed processes were diagnosed as adenocarcinomas and adenosquamous and squamous cell carcinomas. However, most of the work was limited to light microscopic examination of HE-stained slides. Electron microscopic studies performed on adenosquamous tumors demonstrated several morphologies similar to those seen in the present investigation, such as intermediate fil- Higher magnification of basally located cell from same specimen shown in Fig. 1 1. Early squamous differentiation of this cell is indicated by tonofilaments (arrowheads), desmosomes, and wide intercellular digitations. Arrow indicates basement membrane. Uranyl acetate and lead citrate. Bar = 0.5 pm. Fig. 13 . Tumor acinus; hamster. Acinus is filled with squamous cells showing wide cellular interdigitations and tonofilaments, some of which insert into desmosomes (arrows). Arrowhead indicates basement membrane. Uranyl acetate and lead citrate. Bar = 1.35 pm. aments and tonofilaments, small granules, and intraand extracytoplasmic lumina lined by microvil-In the present experiment, a diffuse atypical bronchiolar cell morphology was initially induced, followed by hyperplasia into the bronchiolar lumen but more often with subsequent migration of hyperplastic bronchiolar cells from the open terminal end into the alveolar p a r e n~h y m a .~~ Consequently, adenocarcinomas grew in a lepidic and/or acinar pattern on the alveolar basement membrane and were composed of variably well-differentiated bronchiolar cells. Tumor cells were immunoreactive for CCA, possessed abundant smooth endoplasmic reticulum, secreted acid and neutral mucopolysaccharides, or possessed cilia (unpublished data). Well-differentiated bronchiolar cell types were seen in carcinomas with a lepidic pattern, whereas in acinar or squamous tumors, characteristic bronchiolar cell properties were modified or lost. Bronchioloalveolar tumors of humans have also been considered by several investigators not as a separate entity but as an early stage of tumor f~r m a t i o n .~.~~.~~ Lung tumor development comparable to that induced by NMHA has previously been described in hamsters treated with N-nitrosodiethylamine or exposed to 210polonium and in mice treated with N-nitrosobis-(2-~hloroethyl) ~r e a~.~~,~~,~~ In all these studies, a common morphologic end point of tumor differentiation appeared to be squamous metaplasia. Lung tumors with neuroendocrine cell features have previously been described in the h a m~t e r~,~~,~~,~~~~ but were not seen in the present study.
Reversible squamous differentiation of the tracheobronchial epithelium was noted with vitamin A deficiency or as a response to cell injury.27 Mucous cells lose secretory organelles and form tonofilaments, thereby transforming into squamous cells. Preneoplastic squamous metaplasia in hamsters and humans has been described as developing in a similar manner from mucous cells of the tracheobronchial epithelium.2J5 Squamous differentiation does not appear to be a feature of alveolar tumor cells in humans28 and was also not observed in mouse lung tumors with alveolar type I1 cell feature~.~8
One pathway of squamous differentiation of NMHAinduced lung tumors likewise progressed with the formation of tonofilaments in secretory cells. As in previous studies on tumors in humans and h a m~t e r s ,~.~~ NMHA-induced lung tumors had AB-PAS-positive granules and secretions both intra-and extracellularly. These granules were also frequently associated with CCA immunoreactivity at the light microscopic and ultrastructural level. Morphology of the immunoelectron microscopically examined specimens did not allow clear identification of granules 170-250 nm in di-1i. 2, 3, 18, 19, 43, 52, 56 ameter. However, small aggregates of gold particles seen previously in secretory cells of adenocarcinomas (unpublished data) and currently in epidermoid cells are compatible with these small granules. During the progression of Clara cell-derived bronchioloalveolar and acinar adenocarcinomas, secretory granules apparently decrease in size, probably because of inhibition of secretory function. At this stage, granules may resemble those of the small mucous granule cell.1,2s With the onset of epidermoid change, secretions in granules and congested smooth endoplasmic reticulum/Golgi system may be partially lost or condensed, but membrane structures are retained. Therefore, some granules acquired halos typical of neurosecretory granules or remained as empty vesicles. Filamentous or rodlike granules described in hamsters and could represent secretions contained within smooth endoplasmic reticulum or the Golgi system. Squamous differentiation as observed in the present study may also occur in cells failing to express glandular features. We observed the formation of cells with inadequately developed secretory cell features associated with poorly differentiated cells characterized by small size, scant cytoplasm, few tonofilaments, prominent desmosomes, and widened intercellular spaces. These poorly differentiated cells closely resembled basal cells that are present in the upper tracheobronchial tree but not in the lung of the hamster. In NMHAinduced lung tumors, basal cells can, therefore, be excluded as a source for squamous cells.'* Undifferentiated basally located cells without specific features have also been observed in NMHA-induced bronchioloalveolar tumors (unpublished observations).
Despite the work of several i n v e~t i g a t o r s ,~~~~~~~~~~ the older concept that squamous cell carcinomas only arise from the basal cells of the bronchial epithelium often still prevail^.'^ A recent study analyzing tumors ultrastructurally at different levels again showed that light microscopically diagnosed squamous cell carcinomas possessed features of adenocarcinomas and vice versa. 29 In humans, squamous differentiation of transformed cells may likewise proceed not only directly from basal/mucous cells but also from mucous cell progeny with maturation failure.
The current experiment was designed to study early tumor formation and to avoid dedifferentiation of cellular features beyond the point that would make a histogenetic investigation difficult. Many more squamous cell carcinomas, in particular those with keratinization, probably would have been diagnosed if our animals had been allowed to live longer, as in the original study.*I From observations in humans and from intratracheal induction of experimental tumors, it appears that the development of squamous cell carcinomas and keratinization is more frequent in larger airways (bronchi and trachea) and is probably also related to the degree of tissue irritation by particles inhaled or i n~t i l l e d .~' ,~~,~~ As seen in the hamsters, some less common growth patterns include solid tumors composed of very large cells, which may likewise show features of squamous and/or mucous cell differentiation.26 Squamous cells may also present as spindle cells, mimicking sarcomas. 1 6 s 2
In conclusion, intrapulmonary adenocarcinomas induced by NMHA in the Syrian hamster may undergo squamous differentiation directly from secretory cells or after formation of poorly differentiated cells. Secretory cells included those that produced acid and neutral mucopolysaccharides and/or CCA. CCA was localized ultrastructurally for the first time in cells exhibiting squamous metaplasia.
